The fallopian tube epithelium (FTE) is one of the progenitor populations for high-grade serous ovarian cancer (HGSC). Loss of PAX2 is the earliest known molecular aberration in the FTE occurring in serous carcinogenesis followed by a mutation in p53. Pathological studies report consistent loss of PAX2 in benign lesions as well as serous tumors. In the current study, the combined loss of PAX2 and expression of the R273H p53 mutant protein in murine oviductal epithelial (MOE) cells enhanced proliferation and growth in soft agar in vitro but was insufficient to drive tumorigenesis in vivo. A serially passaged model was generated to investigate the role of aging, but was also insufficient to drive tumorigenesis. These models recapitulate early benign lesions and suggest that a latency period exists between loss of PAX2, p53 mutation and tumor formation. Stathmin and fut8 were identified as downstream targets regulated by loss of PAX2 and mutation of p53 in MOE cells. Re-expression of PAX2 in PAX2-null human HGSC cells reduced cell survival via apoptosis. Phosphatase and tensin homolog (PTEN) shRNA negatively regulated PAX2 expression and stable re-expression of PAX2 in MOE:PTEN shRNA cells significantly reduced proliferation and peritoneal tumor formation in athymic nude mice. PAX2 was determined to be a direct transcriptional target that was activated by wild-type p53, whereas mutant p53 inhibited PAX2 transcription in MOE cells. A small molecule screen using the proximal PAX2 promoter driving luciferase identified four small molecules that were able to enhance PAX2 mRNA expression in MOE cells. PAX2 re-expression in HGSC cells and PTEN-deficient oviductal tumors may have the potential to induce apoptosis. In summary, mutant p53 and PTEN loss negatively regulated PAX2 and PAX2 re-expression in HGSC cells induced cell death.
INTRODUCTION
High-grade serous ovarian cancer (HGSC) is the most lethal gynecological malignancy affecting women worldwide and the fifth most common cause of cancer related death among U.S. women. 1 One factor contributing to strategies to prevent or treat ovarian cancer involves the uncertainty surrounding the tissue of origin, which could be the ovarian surface epithelium (OSE) or the fallopian tube epithelium (FTE). 2, 3 Increasing evidence from highrisk populations demonstrates that specific pathological changes might represent a step-wise progression of high-grade serous cancer from the distal end of the fallopian tube. [3] [4] [5] [6] A SCOUT (secretory cell outgrowth) may be the earliest change observed in the FTE in the progression to HGSC. SCOUTs are clusters of ⩾ 30 secretory cells that lack expression of the PAX2 protein. 7 SCOUTs are thought to progress into 'p53 signatures' after the p53 gene is mutated, which often stabilizes expression of the p53 protein. SCOUTs and p53 signatures are benign, but p53 signatures are hypothesized to progress into serous tubal intraepithelial carcinomas (STICs), which are malignant precursors to HGSC. 8 These lesions are identified in fixed tissues making it difficult to confirm the molecular signaling and regulation of protein expression underlying lesion development. To accurately model fallopian tube-derived high-grade serous carcinogenesis; it is critical to determine the mechanism of precursor formation, and the signals that govern this process in living cell models.
Several FTE-derived cellular models of murine and human origin have been engineered with a variety of oncogenes to form tumors in mice that resemble human disease. [9] [10] [11] A study using PAX8-TetON-Cre promoter to drive deletion of BRCA1 or 2, and phosphatase and tensin homolog (PTEN) plus mutation of p53 in combination as well as deletion of p53 together with PTEN loss in murine oviductal FTE cells formed invasive carcinomas that metastasized to the peritoneal cavity and immunohistochemical analysis revealed high similarity with human disease markers. 9, 12 Another study conditionally silenced Dicer and PTEN using Amhr2-Cre to demonstrate that high-grade carcinomas develop in the FTE, with the primary epithelial tumors arising in the fallopian tube stroma. 13 STICs reported from OVGP1-SV40 mice are a result of the viral oncoprotein, which inhibits activity of wild-type p53.
14 Some of these models do not accurately recapitulate the pre-neoplastic lesions that harbor p53 mutations since p53 is either silenced or sequestered by SV40. A murine oviductal epithelium (MOE) cell line that expresses mutant p53 and is not immortalized by SV40, contributed to the pro-migratory in vitro behavior of mutant cells, but this was insufficient for tumor formation. 15 Although these models mimic human disease and affirm FTE as the source of origin, they fail to address the role of SCOUTS, which often lack PAX2 protein expression. Interestingly, several high-grade carcinoma animal models have also been developed that have retained PAX2 expression in tumor samples. with a nuclear protein containing BRCT domains, called Pax transactivation-domain interacting protein, 19 which is responsible for methylation of histone H3 at lysine 4 20 and also has a critical role in DNA damage repair. 21 PAX2 is expressed in Müllerian derived tissues such as the FTE, but not in the OSE. PAX2 is absent in majority human HGSC cell lines as well as in several serous tumor samples. 8, [22] [23] [24] Some ovarian cancer cell lines and tumor tissues retain PAX2 expression, the functional significance of which is yet to be determined. Re-expression of PAX2 in HGSC cells reduced proliferation, 23 whereas PAX2 overexpression in an OSE-derived tumor model improved survival. 25 Therefore, the purpose of this study was to understand the regulation of PAX2 and the mechanisms contributing to its loss in the FTE.
In this study, the functional significance of PAX2 loss in the fallopian tube cells, alone and in combination with a mutation in p53 was evaluated. In addition, this study sought to determine whether re-expression of PAX2 was able to reduce proliferation and tumor formation of fallopian tube-derived tumor models and in HGSC cell lines. To develop a strategy for increasing PAX2 expression and potentially reversing the formation of a SCOUT, a small molecule screen was performed to look for compounds that activate the proximal PAX2 promoter driving luciferase. Restored PAX2 expression holds potential use for both prevention and therapy of fallopian tube-derived high-grade serous tumors.
RESULTS
PAX2 expression in human serous tumor samples is associated with increased overall survival To validate the clinical significance of PAX2 messenger RNA (mRNA) loss, microarray data from a Gene Expression Omnibus-GSE69429 was retrospectively analyzed by comparing PAX2 expression between normal FTE, STICs and invasive HGSC samples (n = 6 per group). 26, 27 PAX2 expression progressively declined from STICs to HGSC when compared with normal FTE (Supplementary Figure S1A) . HGSC mRNA patient data were stratified to include stage III/IV serous tumor samples (n = 956). 28 High PAX2 expression significantly correlated with increased overall survival (Figure 1a ). Although the P-value is significant, the proximity between the two survival curves suggests a minimal biological advantage to patients with PAX2 overexpression. Similarly, the TCGA data set demonstrated that a subset of HGSC patients whose tumors had amplification in the PAX2 gene, survived longer than those without any alteration in PAX2 (Supplementary Figure S1B) (Figure 1d ). Therefore, the functional assays determined that loss of PAX2 by itself did not alter functional characteristics in vitro, which is consistent with their classification as benign lesions and suggests that additional molecular aberrations are necessary to drive tumorigenesis.
DNA binding mutation of p53 combined with loss of PAX2 in fallopian tube cells results in increased proliferation, migration and colony formation SCOUTs are suggested to progress to p53 signatures when p53 is mutated. In order to mimic p53 signatures, MOE:PAX2
shRNA-1 cells were stably transfected with the human mutant TP53 R273H (p53 mut ), which is the most frequently identified mutation in HGSC. We previously reported that MOE cells stably expressing mutant p53 display enhanced migration. 15 Overexpression of mutant p53 combined with the knockdown of PAX2 in MOE:PAX2 (Figure 1d ). These results suggest that mutation of p53 when combined with loss of PAX2 enhanced in vitro transformation-like behavior, while changes in motility were largely related to only mutant p53. mut -high and MOE:SCR shRNA did not display any evidence of tumor formation after 6 months ( Figure 1h ). These data suggest that additional molecular events occur to progress a benign early lesion into STICs. These models recapitulate the benign characteristics of these lesions previously reported in fixed tissue samples.
Serially passaged MOE:PAX2
shRNA-1 +p53 mut and human Type II SCOUTs share similar gene expression A recent study compared human SCOUTs to HGSC using cDNA microarrays and validated that a subset of SCOUTS (Type II) had similar expression profiles to HGSC. 22 Human tumor tissues and SCOUTS that do not express PAX2 protein likely have additional other genetic and molecular changes that could complicate RNA and protein expression analysis. MOE cells harboring mutation of TP53 or PAX2
shRNA-1 or both, including the 'aged' model represent a system with much less heterogeneity compared with human tissue samples for studying regulation of downstream targets of PAX2 and p53 that may contribute to tumor promotion. mRNA expression profiles in MOE derived cell line models were compared with expression data reported from human signatures. Nine targets (stmn1, fut8, mme, lef1, ezh2, runx2, rcn1, cox5a and ctnnb1) were selected from the data that compared human Type I vs Type II SCOUTs. Targets were chosen based on expression similarity between Type II SCOUTs and tumor samples. 22 (Figures 2a and c, Supplementary Figure S3A ). Two targets were chosen for further investigation based on relevance to HGSC, FTE biology, and comparison with the TCGA: stathmin and fut8. Stathmin protein expression was upregulated by mutation of p53 and highly upregulated by the combination and in the 'aged' line ( Figure 2b ). Fut8 was upregulated by loss of PAX2, and was lost as the cells were serially passaged (Figure 2d ). Several studies have reported that stathmin is a pro-migratory gene that contributes to motility in HGSC. 30, 31 To investigate the pro-migratory role of stathmin in MOE and its regulation by mutant p53, stathmin was transiently knocked down in MOE cells harboring PAX2 shRNA and mutant p53 and the aged model (Figure 2e ). Post 24-h transfections with stathmin shRNA , MOE cell models were subjected to scratch assays to measure wound closure over 12 h. Downregulation of stathmin in MOE:PAX2
shRNA-1 +p53 mut , including the aged model, demonstrated significant reduction in migration compared with cells transfected with control shRNA (Figure 2f ). These results suggest that stathmin may be regulated by mutant TP53 in the fallopian tube and could potentially contribute to increased migratory phenotype.
Loss of PTEN regulates PAX2 and re-expression of PAX2 is sufficient to block tumorigenesis Currently, there are no reported mechanisms for how PAX2 would be lost in fallopian tube cells. Joint loss of PAX2 and PTEN has been reported in endometrial carcinomas.
32 MOE:PTEN shRNA cells formed high-grade oviductal cancer when xenografted i.p. indicating that loss of PTEN in fallopian tube cells is sufficient to drive tumorigenesis in vivo. Figure S4C . Hematoxylin and eosin staining determined the tumors to be histologically similar to the previous study. 9 Gross tumor morphology of one of the animals xenografted with MOE:PTEN shRNA +PAX2(Clone 1) was similar to Figure S5A) . Attempts to stably express PAX2 in HGSC cells failed, likely due to cell death. Therefore, to determine the impact of reintroducing PAX2, HGSC cells (OVCAR3, OVCAR4, KURAMOCHI and OVSAHO) were transiently transfected with PAX2 or NEO (control) plasmid for 48 h. PAX2 protein expression was confirmed by western blot (Supplementary Figure S5B) . PAX2 expression in the OVCAR3 and OVCAR4 cells resulted in significantly lower proliferation on day 3 ( Figure 4a ) and reduced migration over 24 h (Figure 4b, Supplementary Figure S5C ) compared with those transfected with NEO. To determine the effect of PAX2 on apoptosis in OVCAR4 cells, transiently transfected cells were subjected to Annexin V/APC and PI staining. Flow cytometry analyses revealed that PAX2 transfected cells had significantly more cells in early and late stages of apoptosis (Figure 4c ). These data suggest that PAX2 re-expression in human cell lines may increase apoptosis.
Wild-type p53 directly binds to and activates PAX2 promoter whereas mutation in p53 significantly reduces p53 occupancy and expression of PAX2 in FTE As p53 had previously been reported to regulate PAX2 in the kidney, luciferase and chromatin immunoprecipitation assays were performed in MOE cells. MOE cells with the murine PAX2 promoter driving luciferase expression revealed that wild-type p53 increased PAX2 promoter activity. In contrast, mutant p53 significantly repressed PAX2 promoter activation (Figure 5a ). In silico analysis revealed two putative binding sites of p53 on the murine PAX2 promoter. Chromatin from MOE and MOE:p53 cells were prepared for immunoprecipitation assays. Isolated chromatin was precipitated using IgG and p53 antibodies. The p53 occupancy on GAPDH promoter vs PAX2 promoter was used to compare degree of enrichment relative to input. Wild-type p53 had a higher occupancy on the PAX2 promoter compared with IgG indicating that p53 can directly bind to the PAX2 promoter (Figure 5b ). The R273H mutation of p53 significantly abrogated occupancy on the PAX2 promoter (Figure 5b ). PCR primer sets (Supplementary Table S4 ) were designed against the p53-PAX2 promoter binding region, a non-target region (Figure 5c ), MDM2 (positive control for p53 occupancy, Figure 5d ) and ATF (positive control for mutant p53 occupancy, Figure 5e ). These data suggest that mutant P53 represses whereas wild-type p53 activates PAX2 transcriptional activity by directly regulating the promoter.
Identification of small molecules that can re-activate PAX2 expression in fallopian tube epithelial cells Bioinformatic analyses of the TCGA indicates that PAX2 is not methylated as a mechanism for repression in HGSC and that it is rarely mutated. 33 Therefore, transcriptional repression or lack of activation could be one mechanism responsible for the loss of PAX2. Identifying molecules that can restore PAX2 expression could provide therapeutic avenues to slow progression of preneoplastic lesions or even reverse them. A screening assay with the 4.1 kb murine PAX2 promoter driving luciferase construct was used to investigate if small molecules could increase expression of PAX2. The murine and human PAX2 promoters share 80% sequence homology. 34 Prestwick library was used at 10 μM for 10 h to find molecules that stimulate PAX2 expression in MOE cells. 35 The primary assay revealed that the top 2% of the compounds increased PAX2 promoter activity by 193 ± 23% (mean ± s.d.) compared with cells treated with dimethyl sulfoxide (DMSO) (Supplementary Figure S6A) . On re-testing, 12 out of 24 compounds showed consistent activity (Figure 6a) . A secondary biological screen revealed that 4 out of 12 compounds activated the endogenous PAX2 mRNA transcript in MOE cells (Supplementary Figure S6B) . In response to these data, relevance in HGSC and published reports, future investigation was focused on determining the effect of luteolin on MOE cells. Luteolin increased PAX2 protein and mRNA expression in MOE cells at 10 h post incubation (Figure 6b ). Luteolin significantly reduced proliferation and migration in MOE cells (Figure 6c ). Luteolin failed to alter PAX2 mRNA and protein expression in MOE: PTEN shRNA cells (Supplementary Figure S6D) . Future investigations will focus on evaluating the role of luteolin in combination with existing treatments as well as its effect in HGSC cell lines. Using a human promoter for the luteolin experiments could accurately reflect the direct correlation between luteolin and induction of PAX2 which will also be tested in the future.
DISCUSSION
The aim of this study was to identify the functional role and regulation of PAX2 in normal FTE and HGSC. Studies published so far have shown divergent roles of PAX2 depending on the tumor histotype. [23] [24] [25] 36, 37 Consistent with pathological observations, published microarray data indicates that PAX2 was significantly downregulated in STIC and HGSC tissues compared with normal FTE. 27 A small subset of TCGA patients with amplification in the PAX2 gene, had a longer disease-free interval before relapse. The present study utilized MOE cells that were altered to knockdown PAX2 and express the R273H mutant of p53. Although, PAX2 loss alone did not have a significant effect on MOE characteristics, combining it with a p53 mutation resulted in functional changes in vitro, but was not sufficient to drive tumor formation. Reexpression of PAX2 in fallopian tube-derived tumor models reduced tumor burden and a series of small molecules was identified that enhanced PAX2 mRNA expression in MOE cells.
Several studies have demonstrated that the fallopian tube is likely one of the sources of origin of HGSC. 9, 11, 13, 16, 38 However, no models of SCOUTs or of fallopian tube cells lacking PAX2 have been reported. A study by Perets et. al. 12 showed that PAX2 was present in the tumors derived from transgenic animal models. Similarly, another high-grade carcinoma animal model presented with higher PAX2 expression as the cells became tumorigenic. 16 These data along with those in this report suggest that loss of PAX2 alone is not sufficient for tumor progression from fallopian tube cells. The lack of tumorigenicity in vivo of the SCOUT and p53 signature cellular models resonated with their benign pathological designation. Serial passaging of the MOE cells harboring both alterations resulted in an increase in all functional characteristics. These data are consistent with a previous study performed in serially passaged fallopian tube cells that indicate that aging is sufficient to induce functional alterations. 16 In contrast to the tumorigenic model of serially passaging MOE cells on a CD1 background, the current model with PAX2 knocked down and p53 mutated did not form tumors after serial passaging. These data suggest that loss of PAX2 and mutation of p53 are not sufficient to drive tumorigenesis. In addition, it suggests that a latency period may exist between SCOUTs, p53 signatures, and tumor formation that may increase the opportunity for intervention or prevention.
Gene expression analysis of MOE cells harboring altered PAX2 and mutant p53 expression revealed stathmin and fut8 to be regulated by PAX2 in the FTE. Our results suggest that serially passaged MOE cells with PAX2 knockdown and p53 mutation resemble Type II SCOUTs. The similarity between the present models and benign SCOUTs may further explain the lack of tumorigenicity seen in vivo. Stathmin is a microtubule destabilizing protein that is overexpressed in HGSC. 30 Consistent with stathmin's established role in influencing migration in other tumor types, knockdown of stathmin in MOE:PAX2
shRNA-1 +p53 mut cells and it's 'aged' variant, significantly reduced migration. 39 Investigators have shown that stathmin knockdown has antitumorigenic effects in animal models, making it be a favorable drug target in several tumor types. 40, 41 As per the TCGA, patients with STMN1 gene amplification demonstrated a significantly lower overall survival compared with patients without the alteration (Supplementary Figure S3B) . 42 In agreement with the TCGA data, fut8 is amplified in serially passaged MOE: PAX2
shRNA-1 +p53 mut . Fut8 protein is highly expressed in MOE:PAX2
shRNA-1 cells and this increased expression is progressively inhibited when combined with p53 mutation. Interestingly, a recently published undifferentiated high-grade carcinoma mouse model that expressed PAX2 and a p53 splice variant, 16 failed to express fut8. In contrast, MOE cells harboring mutation of p53 and overexpression of KRAS G12V , that formed poorly differentiated carcinomas in vivo, 15 did not express PAX2, but expressed fut8 (Supplementary Figure S6C) . These data further support that loss of PAX2 influences fut8 expression in murine models of fallopian-derived tumors. Further investigation of aberrant pathway modulation downstream of PAX2 can assist to inform on benign to malignant transformation.
Consistent with endometrial cancers, MOE cells harboring PTEN loss had less PAX2 and formed high-grade carcinomas. 9 Stable reexpression of PAX2 in PTEN-lacking MOE cells reduced tumor burden that is otherwise induced by PTEN loss. If the mice xenografted with MOE: PTEN shRNA +PAX2 cells were allowed to survive longer, it is possible that tumors may form but after a longer time period, which was not examined in this study. Reintroduction of PAX2 in HGSC cells reduced cell viability, 23 similar to what is shown in this study using HGSC cells. Interestingly, multiple attempts to create a stable HGSC cell line with PAX2 overexpression led to cell death. Intriguingly, the ability to successfully develop stable PAX2 variants in MOE:PTEN shRNA cells in contrast to human HGSC cell lines suggests that additional mutations, cell of origin, or species variations may impact the role of PAX2 in cancer cells. PAX2 overexpression in HGSC cells that lacked its expression confirmed that restoring PAX2 can induce apoptosis. A modest decrease in proliferation and migration on PAX2 overexpression in HGSC cells suggests that introduction of PAX2 alone may have less impact as cells become malignant and accrue multiple changes in tumor signaling. Future studies will focus on whether strategies to restore PTEN or block Akt murine thymoma viral oncogene and PI3K may contribute to reduced tumor burden partially through enhanced expression of PAX2.
If early putative lesions of FTE-derived HGSC lose PAX2, and PAX2 continues to be lost in many tumor samples, then restoration of PAX2 might provide a route for disease prevention. Using a cell-based screening assay, luteolin was identified to be a potential 'hit' that can increase PAX2 expression in MOE cells. Luteolin is a flavonoid that has anti-cancer properties and has the potential to slow tumor growth. 43 Mechanistically, luteolin is known to inhibit NFκB transcription and activate c-Jun. 44 NFκB has putative binding sites on the PAX2 promoter whereas c-Jun phosphorylates PAX2 that increases PAX2-dependent transcription. 45 Wild-type p53 was able to activate whereas mutant p53 repressed PAX2 promoter activity in MOE cells. Similar results were reported in mouse embryonic kidney cells where a chromatin immunoprecipitation-Seq analysis revealed multiple peaks of p53 occupancy on the PAX2 promoter. 46 In light of these results, what is unclear is whether elimination of repression from mutant p53 is critical to enhance PAX2 in cancer cells. Treatment of HGSC cells with luteolin failed to demonstrate an increase in PAX2. It may be particularly interesting to combine luteolin with a mutant p53-repressing molecule (for example, NSC59984) or an Akt Murine Thymoma Viral Oncogene inhibitor (for example, MK2206) to observe their additive effect on PAX2 activation. 47 In summary, this is the first study to outline the functional role and regulation of PAX2 in the murine oviductal epithelial cells and HGSC. Combining mutant p53 with PAX2 loss was critical to observe functional changes, which could explain how early lesions form in the FTE before progressing to serous tumors. Our data also revealed that PTEN loss and mutation of p53 contributes to loss of PAX2 in MOE cells. These data suggest a dynamic interplay between PTEN, PAX2 and p53 is manifested in human samples. These findings also imply that strategies to restore PTEN may contribute to reduced tumor burden partially through enhanced expression of PAX2. A novel proof-of-concept small molecule screen, that could enhance expression of key proteins lost during progression, such as PAX2, is presented in this study. Overall, understanding the molecular basis of precursor lesion development is critical to early detection strategies that may help to halt high-grade serous ovarian cancer progression.
MATERIALS AND METHODS Animals
All animals were treated in accordance with the National Institutes of Health Guidelines for the Care and Use of Laboratory Animals and the established Institutional Animal Use and Care protocol at the University of Illinois at Chicago. All xenograft experiments were performed as described previously. 9, 15 Cell culture MOE and HGSC cell lines (OVCAR3, OVCAR4, KURAMOCHI and OVSAHO) were cultured as previously described. 48, 49 All lines were authenticated by short tandem repeat analysis at the University of Illinois at Chicago in May 2015. Cell lines were transfected using TransIT LT1 with plasmids containing the gene of interest (Supplementary Table S1) as described previously. 9 Immunohistochemistry (IHC) Tissues were prepared for immunohistochemistry or hematoxylin and eosin stain as described in past publications. 9, 50 Images were acquired on a Nikon Eclipse E600 microscope using a DS-Ri1 digital camera and NIS Elements software. Antibody information - Supplementary Table S2. Cell viability assay MOE cells were seeded into 96-well plates at 1.0 × 10 3 cells per well. Proliferation was measured using sulforhodamine B (SRB) colorimetric assay and analysis was completed using a Biotek Synergy 2 microplate reader as described previously. 15, 51 Soft agar colony assay Soft agar colony formation assay was performed as previously described. 15 Images were captured on day 14 in culture. Colonies were counted at 4 × magnification using ImageJ software (National Institutes of Health (NIH), Bethesda, MD, USA).
Wound healing assay
Cells were seeded at 1.0 × 10 5 cells per well and assay was performed as described previously. 15, 51 Pictures were taken at 0 and 8 or 12 or 24 h after scratching using an AmScope MU900 with Toupview software (AmScope, Irvine, CA, USA).
Western blot analyses
Protein lysate (30 μg) was run on sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to nitrocellulose membrane. Blots were blocked with 5% milk or BSA in TBS-T and probed at 4°C overnight with primary antibodies (Supplementary Table S2 ). Anti-rabbit horseradish peroxidase-linked secondary antibody was used for 30 min in blocking buffer. Membranes were incubated and developed as described previously. 15 RNA isolation, cDNA synthesis and RT-PCR RNA extraction was performed as described in. 15 iScript cDNA synthesis kit (BioRad, Hercules, CA, USA) and SYBR green (Roche, Madison, WI, USA) were used according to manufacturer's instructions. All qPCR runs were performed on the ABI ViiA7 (Life Technologies, San Diego, CA, USA). 
Chromatin immunoprecipitation
Chromatin immunoprecipitation was performed as described previously. 52 In brief, for each pulldown, 30 μl Dynabeads protein G were incubated with normal rabbit IgG (Cell signaling, 1:100) and p53 (Santa Cruz, 1:100) overnight at 4°C. Buffer recipes listed in Supplementary Table S3 .
High throughput screen
The UIC high throughput screen core facility provided a library (Prestwick) of 1200 FDA approved drugs. Primary assay: MOE cells were transiently transfected with the PAX2 promoter driving luciferase expression and β-Galactosidase (18 h). Cells were seeded in 96-well plates at 7.5 × 10 3 cells/ well and incubated with drugs (10 μM) for 10 h at 37°C in a 5% CO 2 incubator. Luciferase readout was measured as described previously. 53 Secondary assay: MOE cells were treated with 10 μM of 'hits'. Cells were lysed after 10 h to determine PAX2 mRNA (qPCR) and protein (western blot analyses).
Flow cytometry OVCAR4 cells were transiently transfected with NEO or PAX2 plasmid for 48 h followed by trypsinization. Flow cytometry analysis was performed as described previously. 54, 55 Statistical analyses All data are represented as mean ± s.e.m. Statistical analysis was carried out using Prism software (GraphPad, La Jolla, CA, USA). All conditions were tested in three replicates in at least triplicate experiments. Statistical significance was determined by Student's t-test, or one-way ANOVA with Dunnett's post hoc test. *P ⩽ 0.05 was considered significant.
